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Small angle X-ray scattering (SAXS) with synchroton radiation was used to investigate interactions among lipid particles in lecithin-bile salt model 
systems and in native gallbladder biles. In model systems in the absence of cholesterol. isotropic. continuous spectra were found. indicating the 
absence of periodic structures. In the presence of excess cholesterol. interaction in the form of lamellar stacking was detected by the appearance 
of discrete diffraction peaks. In the supersaturated cholesterol region of the commonly accepted phase diagram [I]. where cholesterol crystals were 
expected. we found I~mellar stacking. The high proportion of cholesterol to bile salts seems to be the common denominator of these models. The 
lamellar stacking was also found in native unprocessed bile. This effect of cholesterol on lipid structure has not been previously described. Lamellar 
stacking may contribute to cholesterol solubilization. Its influence on the kinetics of cholesterol crystallization is presently unknown. 
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1. INTRODUCTION 
Characterization of lipid aggregates in human bile 
and measurement of their interactions and stability are 
important for an understanding of the precipitation of 
cholesterol in bile, which is a crucial step in gallstone 
formation [l]. According to phase diagrams of quater- 
nary systems of lecithin-bile salt-cholesterol-water. 
lipid aggregates in the form of mixed micelles. liquid 
crystals and crystals may coexist [2,3]. In bile, choles- 
terol was initially thought to be solubilized solely in 
mixed micelles [I-J]; subsequently unilamellar phosp- 
holipid vesicles were identified [5-71. These vesicles may 
be the vehicle for cholesterol secretion into bile [8] and 
are thought to participate in cholesterol crystallization 
[9]. Recently, phospholipid lamellar structures were de- 
scribed by electron microscopy and SAXS in human 
gallbladder bile [IO]. These particles may be an intermc- 
diate between vesicles and micclles. Their role in biliary 
pathophysiology has not yet been characterized. The 
influence of cholesterol on the morphology of lipid 
particlcs in human bile as well as in model systems con- 
taining phospholipids and exceptionally high con- 
ccntrations of bile salts, is incomplctcly charactcrizcd 
[3.6,1 l]. The high intensity of the synchroton generated 
X-ray beam has enabled us to observe, for the first rime. 
in bile models and in native bile an interaction of 
bilayers which formed as a result of increasing cholest- 
erol and decreasing bile salt concentrations. 
2. EXPERIMENTAL 
Cholesterol (Sigma) was twice recrystallized from hot ethanol: bile 
salts (Sigma) were twice recrystallized from ethanol and ether [ I?]. Egg 
phosphatidylcholine (Sigma). cholesterol and a mixture of bile salts 
were solubilized in a chloroform-methanol solution in the proportions 
described in Table I. dried at RT and lyophilizcd overnight. Bill salt 
mixtures contained Na-cholate. Na-chenodeoxycholate and Na-dcox- 
ycholate both as taurinc and glycine conjugates in molar proportions 
of 4:4:2:6:6:3 to mimic a physiological situation [I I], All specimens 
were solubilizcd in I50 mM NaCl and 50 mM Tris-HCI pH 8.0. 
incubated at 55°C for I h: then kept at RT and examined within less 
than 24 h. 
Human gallbladder biles were obtained after cholecystcctomy and 
kept for Icss than 24 h in a thcrmostablc vcsscl at 37°C until cxamincd. 
The lipid composition of the bilcs was detsrmincd chemically as prr- 
viously dcscribcd [IO]. 
2.2. L)i/~iwtiotr ttil’(t.Fltrttt(‘tt/.~ 
SAXS nic3surcmcnts of the model lipid systems wcrc pcrformcd at 
the outstation of rhc Europcon MoIcL’ul;lr Biology Laboratory on the 
double focusing 1lioi1ocJironi;(tor-itiirror canICr;I X33 [ 131 ;Lt 111~ Hum. 
burg synchroton r;ldiation facility (HASYLAU) on the storage ring 
DORIS of the Dcutschcs Elcktroncn Synchrotron (DESY). All mrw 
urcmcnts wcrc tnildc ilt il wavclcnllrh of 0. IS nm. Dill’ractioii patterns 
from lOO,Ul Sitlll~~lCS wcrc rccardcd ilt 13 f I°C with cxposurcol’S min, 
A background pilttcrn (111~ buffer) \VOS suhtrilctcd. Further dcttiils ot 
~hc ~I;II;I acquisition and evaluation systems can bc found clscwhcrc 
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[14]. SAXS measurement of the human gallbladder biles was perfor- 
med on beamline 2.1 at the Synchrotron Radiation Source (SRS), 
Daresbury, UK as described by Towns-Andrews et al. [IS]. The wave- 
length was 0.154 nm. Diffraction patterns were recorded as described 
above. For background subtraction, the samples were centrifuged for 
40 min at RT at 100 000 x g,,,. The diffraction pattern of the super- 
natant solution was subtracted as background for each specimen. The 
floating lipid layer obtained after this centrifugation [IO] from bile 3.2 
(Table I) was also examined. 
3. RESULTS 
X-Ray diffraction patterns of all dispersions compo- 
sed of lecithin and bile salts without cholesterol (Table 
I, models I .1-l .4), revealed only isotropic and conti- 
nuous spectra without discrete peaks. Fig. la shows a 
typical diffraction pattern for these models, of a disper- 
sion containing twice as much lecithin as bile salts 
(model 1.1). There is a clear intensity minimum at 12.9 
nm and a secondary maximum at 4.4 nm. The presence 
of cholesterol above saturation (Table I, models 15 
1.7) caused a shift in the position of the minimum and 
maximum to 7.2 and 4.0 nm respectively (Fig. lb). In 
model systems containing 12 and 17 mol% cholesterol 
(Table I? models 1.11 and 1.12, Fig. 1 c and Id) distinct 
sharp peaks were seen at a distance of S.1 and 8.0 nm 
respectively. Weak second order reflections are found 
at distances of 3.8 and 3.9 nm. This indicates the pre- 
sence of some relatively long range periodicity consi- 
stent with lamellar stacking. An additional reflection 
was found at 3.4 nm in the dispersion which was richest 
in cholesterol (mode1 1.12), probably indicating the pre- 
sence of crystalline cholesterol domains [ 161. 
Model bile systems with lipid concentrations equal to 
those found in native gallbladder biles (Table I, group 
II) demonstrated, in six of the seven cases, peaks with 
repeat distances ranging from 8.0 to 8.9 nm. The only 
mode1 bile not showing particle interactions liad a much 
higher bile salt to cholesterol ratio (11.7) and a lower 
cholesterol concentration (6 mol%). 
The above data indicate that lamellar stacking was 
found only in model systems containing 2 10 mol% 
cholesterol and having a bile salt to cholesterol molar 
ratio of <IO. All these models were above saturation 
(11); but supersaturation was not a sufficient condition 
for iamellar stacking. The water content of all model 
systems was 2 88 WT%. 
Six native gallbladder biles were studied; two of these 
biles were highly concentrated (Table I, Group III). One 
Table I 
Lipid composition and SAXS analysts of specimens studied 
Ch PL DS Lipids CSI d spacings 
(dd]) 
(mM) (nm) 
Group I 
I.1 0 SO 25 5.1 
1.2 0 so SO 6.3 
I,3 0 SO 100 8.8 
I.4 0 SO 150 11.3 
I.5 IO IS 100 6.5 180 
1.6 10 20 100 6.8 146 
I*7 10 30 100 7.6 106 
I,8 10 40 100 8.4 87 
I.9 IO SO 100 9.2 77 
I.1 I 20 SO 100 9.6 143 %I 3.8 
I,12 30 SO 100 9.9 201 880 3.9 
I.13 10 so I50 I I.6 63 
Group II 
2.1 20.8 56.9 97.0 10.0 143 X.0 
2,2 13.3 34.6 64.Y 6.4 IS3 8.5 
2.3 Il.4 2x.7 75.6 6.4 137 8.2 
24 13.2 43.7 154.0 I I.5 89 
2.5 28.1 54.8 61.4 8.3 252 x.9 6.n 
2.6 10.0 30.7 60.0 5.7 132 8.7 
2.7 13.2 37. I 7G.0 7.1 134 8.4 
Group 111 
3.1 17.2 81.3 264.5 20.0 59 
3.2 39.7 I IO.7 29R.Y 24.8 99 6.3 
Ch, chelcstcrol; PL, phospholipids; HS, bilesalts; CSI. cholcstcrol saturation in&x (23], Croups I arc mndcl systems prcp;trcd with hilt salt tnixtttrcs 
ax dcscrihcd in section 2. Clroupa II arc model aystcma prcpamd with N;t.t;tur,;chol;ttc, Croup III arc gallbladder hilts. 
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Fig. I. The X-ray scattering profiles of model systems: (a) model 1.1: (b) model 1.9; (c) model 1.11; (d) model 1.12. All X-ray diffraction patterns 
represent the relative intensities and are plotted versus the parameter s = 2 sin 0/2 -- l/d with O. scattering angle. 2. wavelength, d. spacing ratios 
of the reflections. The peaks indicating lamellar stacking are marked by arrows. The crystalline cholesterol peak is marked with ch. 
had a low cholesterol concentration and no stacked 
lamellae were seen (Table I, bile 3.1, Fig. 2a). In the 
second bile the cholesterol concentration was higher (9 
mol%) and stacked lamellae were seen (Table I, bile 3.2, 
Fig. 2b). The interlamellar distance was 6.3 nm and the 
second reflection was seen at 3.3 nrn. A floating lipid 
layer obtained fi'om this bile following centrifugation 
showed a much more pronounced peak of stacked 
lamellae, with a similar interlamellar distance of 6.3 nm, 
a second order reflection at 3.2 nm and a reflection at 
3.4 nm again probably corresponding to crystalline 
cholesterol (Fig. 2c). The other four biles in this group 
had unusually low lipid concentrations (<3 g/dl) and no 
lamellar stacking was observed. 
4. DISCUSSION 
Multilamellar structures are characteristically formed 
in concentrated pure phospholipid ispersions in aque- 
ous media [17]. Bile salts solubilize large sheet like struc- 
tures into discrete bilayered particles [18] and. in excess. 
induce the formation of mixed phospholipid-bile salt 
micelles [19]. The influence of the addition of cholesterol 
to phospholipid-bile salt mixtures has been partially 
characterize& for mixtures with physiologic propor- 
tions of constituents similar to those examined here no 
structural effects were found [3,20,22]. In the present 
work we have demonstrated the occurrence of lamellar 
stacking in the presence of excess cholesterol (>10 
tool%) and when the bile salt to cholesterol molar ratio 
was <10. Both these constraints were previously not 
recognized as being structural determinants in model 
bile. In the models supersaturated with cholesterol, in- 
vestigated in this study, no cholesterol crystals were 
found except in the most supersaturated solution 
(model 1.12). Nevertheless, according to the phase dia- 
grams published [2,3,1 1], cholesterol crystals might 
have been expected. This absence ofcrystals may be due 
to the effect of stacked lamellae on cholesterol solubi- 
lity. However, there were also differences in equilibra- 
tion times. In addition, Cabral and Small [1] have com- 
mented that if the bile salt to lecithin proportion is <7:3 
in solutions supersaturated with cholesterol, a liquid 
crystalline phase (stacked bilayers?) will be tbrmed and 
only at higher degrees of supersaturation will choleste- 
rol crystals precipitate. 
Certain differences were noted in this study between 
the stacked lamellar structures in model systems and in 
human gallbladder bile. Lamellar stacking was found in 
native bile at lesser cholesterol concentration (9 mol%: 
CSI = 99). In addition the interlamellar distance was 6.3 
nm in the one bile measured and 8.0 nm or more in the 
model systems. Many components present in bile and 
not included in the model systems such as proteins, 
mucins. Ca. as well as different phospholipids could 
have caused these differences. Osmotic activity of mu- 
cins in bile might contribute to the different hydrations 
observed. Since all these systems have a fairly high 
water content, no cubic phases would be expected; hexa- 
e-  
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Fig, 2. Tile X-ray sc:ttterhlg prolilcs ol'native gallbladder bile~: (a) bile 
3.1: (b) bile 3.'~'. (¢) floating lipid layer ol" bile 3.2. 
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gonal symmetry as suggested by other investigators [20] 
was not found, as shown by ratio of the spacings of the 
reflections (approx. 2:l) measured both in the native 
bile and in the model systems (Table I). 
With the present technique, stacked lamellae were 
found in six of the seven model systems containing lipid 
concentrations similar to gallbladder biles in which 
stacked lamellae were previously demonstrated in float- 
ing lipid layers of these biles [lo]. This good correlation 
between the data from these models systems and the 
extracts from native biles is remarkable. Structures in- 
vestigated by polarized light microscopy and designated 
as liquid crystals were previously seen. by some investi- 
gators [21,22] in supersaturated human biles and in 
model systems. With the present experimental configu- 
ration, vesicles could not be detected; therefore it is not 
known whether the stacked lamellae are independent 
structures or are in vesicular form. Lamellar stacking, 
induced by excess cholesterol, as demonstrated by the 
present study. has to the best of our knowledge, not 
been previously described. Stacked lamellae may repre- 
sent an intermediate structure contributing to cholester- 
ol solubilization. Their effect on the kinetics of choles- 
terol crystallization in supersaturated biles is being stud- 
ied. 
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